ABSTRACT: In the present work, the general purpose radiation transport MCNPX code (version 2.5.0) was used to evaluate the neutron fluence response matrix of the passive Bonner sphere spectrometer recently developed in our laboratory. The calculations were performed for an extended neutron incidence energy range (from 10 −9 MeV to 1 GeV). Afterward, a sensitivity analysis of the main parameters affecting the neutron fluence response of each detector-sphere assembly has been undertaken and complementary MCNPX simulations of bare gold foils considering normal, parallel and isotropic neutron incidence directions are also presented. Finally, the simulated response matrix was experimentally validated with a 252 Cf standard radioactive source available in our facilities.
shown in an earlier study [9] its ability to characterize the unwanted neutron production of medical linacs, operating at acceleration potentials above 10 MV, that are commonly used in radiotherapy to control and treat cancers. This production takes place as a consequence of photonuclear (γ,n) and electronuclear (e,n) reactions of incident photons and electrons, respectively, with practically any heavy nuclide (W, Pb, Ta, Fe, Cu, etc.) of the massive components and accessories located inside the linac gantry and along its beam line [10] .
The IRSN passive BSS consists of 10 polyethylene (0.95 g cm −3 density) spheres whose diameters were labeled, for convenience, in inch units (3 , 3.5 , 4 , 4.5 , 5 , 6 , 7 , 8 , 10 and 12 ) . Gold ( 197 Au) disc foils (15 mm diameter, 0.25 mm thick, 19.3 g cm −3 density and 99.99% purity) are placed horizontally in the centre of each sphere. Each sphere has its own aluminum (Al) support with an adapted height to assure the same vertical position during the entire BSS irradiation run. After exposure to a neutron flux, the energy distribution of the corresponding spectrum is obtained by unfolding the passive BSS measurement data (i.e., the specific saturation activities of the activated gold foils). Accordingly, an exact knowledge of the fluence response matrix of the entire passive BSS set is required to make a correct analysis of the considered neutron spectrum. This matrix should contain n × m values, where n represents the matrix columns or the number detector-sphere assemblies used and m stands for the total number of the considered energy bins. Experimental determination of this response matrix is very limited by the small number of available mono-energetic neutron reference fields that do not fully cover all the neutron energy range of interest. Alternatively, Monte Carlo (MC) simulation, using random-walk sampling method through the investigation of all possible nuclear interaction mechanisms, is a valid tool to solve this difficulty. Afterwards, posterior validation with a neutron reference field can serve to assign the associated level of confidence to the MC model used to evaluate the whole response functions of the passive BSS.
The present work is oriented to MCNPX [11] calculations of the passive BSS response matrix for an extended neutron incidence energy range (from 1 meV to 1 GeV). Further simulation tests were systematically undertaken to study the response sensitivity of each detector-sphere assembly to any eventual modification on the polyethylene moderator density, on the neutron incidence direction as well as on the gold foils' diameter, thickness and their position within the spheres. In addition, the response of bare gold foils was computed considering normal, parallel and isotropic neutron incidence directions. The results of an experimental validation of the system with the IRSN 252 Cf standard radioactive source are also analyzed and discussed.
2 Calculation procedure
MCNPX model
The general purpose radiation transport MCNPX code (version 2.5.0) [11] was applied in this work to perform the response matrix calculations. This user-friendly program package represents the most extensive program available in the public domain that can track 34 different particle types at nearly all energies. It is one of a successive series of Monte Carlo transport codes that began at Los Alamos National Laboratory nearly fifty years ago.
The detailed geometry, as described in the previous section, was introduced in the MCNPX model used for simulation. Information about the neutron interactions with the material compo- Figure 1 . Basic illustration of the geometric configuration used for MCNPX simulation. The origin of the coordinates (x, y, z) was chosen at the sphere centre.
nents ( 1 H, 12 C, 27 Al and 197 Au) was extracted from the evaluated nuclear library, ENDF/B-VI release 8 [12] , for neutron incidence energies below 150 MeV excepting 197 Au (<30 MeV) whereas physical models were used instead. Figure 1 gives a basic illustration of the geometric configuration used for MCNPX simulations. The modeling was performed with a broad parallel incidence of a mono-energetic neutron beam (along the y axis) towards the inner gold disc foil plane. The positions of the starting neutrons were sampled uniformly on the surface of a vertical disc source with the same area as the section of the considered sphere. A void (vacuum) space was assumed between the neutron source and the considered polyethylene sphere. S(α,β ) treatment option was used to account for the carbon and hydrogen chemical binding at room temperature during thermal neutron scattering within the polyethylene moderator. The response, R i (E), of each detector-sphere assembly i with respect to the considered neutron incidence energy, E, was calculated as the number of the radiative capture reactions, 197 Au(n,γ) 198 Au, inside the gold foil per unit of its mass and neutron fluence (i.e., cm 2 /g). This number is obtained from the track length estimate (F4 tally) and the associated FM card by using the appropriate multiplication factors as follows:
where
is the source surface area chosen to completely irradiate the considered sphere of diameter d i , N (5.9 10 22 cm −3 ) is the gold foil volumetric atom density, ρ (19.3 g cm −3 ) is its mass density, Φ E (cm −2 MeV −1 ) is the fluence energy distribution of the inner neutrons (as estimated by the F4 tally starting from an incidence energy, E) that reach after subsequent moderation within the polyethylene sphere and σ (n,γ) (10 −24 cm 2 ) is the cross-section tabulated values for 197 Au(n,γ) 198 Au radiative capture reaction. According to the MCNPX requirement, N should be used in unit of 10 24 cm −3 since the cross-section tabulated values are directly taken by the code in barn units (1 barn = 10 −24 cm 2 ). The correct form to write the FM card is: FM4 (C i 2 102), where C i is the multiplier constant of eq. (2.1), 2 the selected label for a pure 197 Au material and 102 the identification number generally used by the ENDF/B-VI library to classify the radiative capture reaction (n,γ).
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The passive BSS response functions were calculated for an extended neutron incidence energy range (from 10 −9 MeV to 1 GeV). A total of 121 logarithmic equidistant discrete energy values (10 per decade) were chosen for each detector-sphere assembly. All the calculations were performed on a Personal Computer (PC) Pentium IV equipped with a 3 GHz CPU processor and 1 GBit RAM memory. The number of histories was large enough to have statistical uncertainties of the MCNPX results less than 1%.
Variance reduction method
With the use of an analog model of input files (default geometric configuration as shown in figure 1), it is impossible to achieve the required statistical uncertainties of 1% on the results for the considered 121 energy values in a reasonable CPU time. Normally, MCNPX would run for several months to complete the response matrix calculation for the entire passive BSS set. To substantially save computational time, variance reduction methods have to be applied. With this objective, the most simple, stable and reliable MCNPX biasing technique is the so-called geometry splitting and Russian roulette. It consists on subdividing the polyethylene sphere into many sub-cells and assigning to them increasing importance values (using the importance IMP card) towards the central detector to assure preferential neutron migration in this direction. In our case, the sub-cells were a series of concentric polyethylene shells inside the sphere volume. With this new configuration (biased model), MCNPX calculations spend much more time sampling in the important sub-cells with regards to the unimportant ones. When crossing two neighboring sub-cells ( j and j+1), the code computes their importance ratio (w = Imp j +1 /Imp j) and, therefore: a) if w = 1, unbiased particle transport is continued; b) if w < 1, Russian roulette is played, that is with a probability w the particle will survive and its weight will be multiplied by w −1 or it will be killed with a probability 1 − w; c) if w > 1, particle is split into w similar sub-particles each one with individual w −1 weight.
Other variance reduction methods were applied but they did not succeed in improving substantially the calculation speed of the MCNPX analog model. To obtain the neutron importance values for the biased geometric configuration, it was preferred, due to the simplicity of the problem geometry, to keep the number of history tracks more or less constant in almost all the sub-cells and practically in all the neutron incidence energies ranging from 10 −3 eV to 1 GeV.
With the above biased geometric configuration, the whole response matrix of the passive BSS could be calculated, with a relative statistical uncertainty below 1%, in a reasonable CPU time of one week only. (i.e., from thermal neutrons normally described by a Maxwellian energy distribution around 25 meV up to tens of MeV). However, the response functions at high neutron incidence energies are rather low due to the elastic scattering cross sections with hydrogen nuclei that drop sharply above 10 MeV [12] . The broad shape curves for the small spheres become narrower with a shift of the maximum response to higher energies when increasing the polyethylene sphere diameters. This fact reflects the physical effect of neutron thermalization mechanism inside these spheres. Each one of these curves should be understood as equivalent to a continuous function of the neutron incidence energy in the unfolding procedure.
Due to the small data oscillations as a consequence of the statistical fluctuations on the MC-NPX results, multiple adjacent point averaging fits were applied to smooth the neutron fluence curves of the passive BSS. However, some small sharp dips appear on the narrower peaks of the larger spheres and arise mainly from nuclear resonances that exhibit the carbon cross-section in the neutron energy range between 1 to 10 MeV. This behavior was confirmed by further fine-structure MCNPX simulations so that the corresponding initial values in this region were kept in their original form without subsequent smoothing. The computed response matrix in this work is consistent with those reported by other groups adopting similar passive BSSs [4] [5] [6] [7] [8] and is in accordance with the ones evaluated for active BSSs using, for instance, LiI(Eu) scintillator and 3 He proportional counter as central detectors [13] [14] [15] . 
Effect of the neutron incidence direction
In general, due to its spherical symmetry, the passive BSS is expected to provide isotropic responses with respect to the neutron incidence direction. However, as the gold foils have a plane-cylindrical geometry, problems of response anisotropy may occur. In this sense, we have undertaken a series of simulations to evaluate any eventual response anisotropy of the system. Calculations were considered with the parallel neutron incidence direction (see figure 1) , as well as with an incident beam perpendicular (normal) to the gold foil plane and with a truly isotropic neutron emission. This test study was carried-out only with the spheres of diameters 3 , 6 , 8 and 12 as being a representative sample of the whole passive BSS set. The results of this comparison are summarized in figure 3 . The percent deviations of inner gold foil responses given with parallel and normal neutron incidence directions from those obtained with isotropic emission are below 3.5%. This value represents the ∼ 95% (± 2σ ) confidence level of the combined uncertainty of the null response variation hypothesis. Thus, even though the gold foils have no spherical symmetry, we can assume that the scattering process of neutrons inside the polyethylene spheres is quite sufficient to elimi- nate any of their incidence privileged direction and that, definitely, our passive BSS has a global isotropic behavior.
Effect of the polyethylene density
In a first approximation, an increase of the polyethylene density enhances neutron thermalization and has the same effect as an increase of the sphere diameter [13] . The nominal polyethylene density, which was used for MCNPX simulations, was corroborated experimentally by measuring the spheres' dimensions and masses. The mean value obtained for all the passive BSS set is 0.951 g cm −3 ± 0.5%. To take into account any possible modification of this parameter on the system response functions, we have considered a maximum variation of ± 0.05 g cm −3 on the nominal density for the spheres 3 , 6 , 8 and 12 . The new calculated response functions were compared to that of initial MCNPX simulations. The results of this comparison are given in figure 4 . Accordingly, the overall influence of the polyethylene density could be considered as negligible in the neutron incidence energy regions where the response functions present their maximum values. Severe departures are observed for the larger spheres and, occasionally for the sphere 12 , exceeding the ∼ 99% confidence level (± 3σ ) of the combined uncertainty of the null response variation hypothesis. However, these discrepancies are found only in the low tail parts of the corresponding neutron fluence response curves and have minimal weights on the global response matrix of the passive BSS.
Effect of the gold foil thickness
The sensitive volume of the inner gold foils is of key importance in the passive BSS since it provides the needed information about the inner neutron energy distribution after being thermalized within the polyethylene sphere. According to the manufacturer specifications [16] , 10% thickness tolerance on the gold foils could be achieved after their production. To estimate the respective modification of this tolerance on the passive BSS response functions, we have inferred a difference of ± 25 µm on the gold foil thicknesses in the case of spheres 3 , 6 , 8 and 12 . Subsequently, the calculated neutron fluence responses were compared with those obtained with the corresponding nominal value. The results of this examination are presented in figure 5 . It can be observed that the 10% increase on the gold foil thickness leads to an overall decrease of -3% of the passive BSS response functions. Conversely, a 10% thickness diminishing will suppose the inverse consequence (i.e., a +3% increase of the response matrix). A possible explanation of this response shifting could be the neutron flux depression and self-shielding [17] , which become important for thick gold foils. All the same, although this dependence is included within ∼95% confidence level (± 2σ ) of the combined uncertainty of the null response variation hypothesis, this parameter should always be well controlled for each of the gold foils used and the associated response function must be corrected to better ascertain the neutron spectra measurements.
Effect of the gold foil diameter
According to the manufacturer specifications [16] , the diameter variation on the gold foils after their production is about ± 1 mm. The results of comparison between the response functions calculated for the spheres 3 , 6 , 8 and 12 at varied gold foil diameters and those of initial MCNPX simulations are shown in figure 6 . The agreement found is very good since the fluctuations observed could be assumed as being purely statistical making evident that only a small systematic dependence (on average below 2%) is seen when altering about ± 1 mm the gold foil diameter.
Effect of the gold foil position
To account for any eventual wrong positioning of the inner gold foil inside the polyethylene sphere due mainly to the system manipulation and setting-up, we have investigated the effect of changing its central position to within ± 1 mm along the (x, y, z) coordinates. The results of this variation on the gold foil x-axis position are illustrated in figure 7 . Similar behaviors have been observed for the other axis (y and z) and, hence, they were not reproduced here. In all cases, the dispersions shown are very weak since they are entirely included within the combined uncertainty of the null response variation hypothesis. In view of that, any possible small difference on the inner gold foils' positions inside the polyethylene spheres does not affect significantly the response matrix of the passive BSS. 
Response functions of bare gold foils
The direct use of bare gold foils could give basic information about the incident thermal neutron fluence. However, the corresponding response function may be very dependant on the neutron incidence direction. In what follows, we present in figure 8 the results of MCNPX calculations considering normal, parallel and isotropic neutron incidence directions. The cross-section of 197 Au(n,γ) 198 Au radiative capture reaction was also drawn, for comparison, in the top part of figure 8 . As shown in this figure, the bare detector has a 1/v (v being the neutron velocity) energydependence behavior at lower energies with a pronounced resonance peak at ∼5 eV. In addition, its response is very sensitive to the intrinsic nuclear resonance effects in the region between 30 eV and 6 keV, although it is up to two orders of magnitude smaller than that of thermal neutrons. The great divergence shown between the three incidence directions could be explained by the perturbation of the incident neutron field due to the foil edge effects as well as the flux depression and self-shielding. This perturbation reaches its maximum at parallel neutron incidence direction. Consequently, care must be taken when handling with bare gold foils especially at the most widespread cases of unknown neutron field incidence. For that purpose, the so-called Westcott convention [18] must be applied: (i) to correct for the eventual neutron flux perturbation, (ii) to separate the ther-mal neutrons from the epithermal component if present, and (iii) to consider the 5 eV resonance peak of the 197 Au(n,γ) 198 Au cross-section as well as its possible departure from the 1/v energydependence law.
Experimental validation with a 242 Cf source
The computed response matrix of the IRSN passive BSS, as given in section 3.1, was experimentally validated with the 252 Cf standard radioactive source available in our facilities [1] . Its emission rate during the exposure was (220 ± 4) × 10 6 s −1 , over a 4π solid angle. All the spheres were placed at a 3.2 m height above the ground and a 75 cm distance along the source axis. Due to the large dimensions (25 m × 12 m × 8m) of the irradiation room whose walls and roof are built basically with thin metal structure, a minimal presence of scattered neutrons is expected. This fact was confirmed previously with theoretical MC simulations and experimental measurements [19] where the contribution of the scattered neutrons is estimated to be of about 2% the total fluence and it does not reach 6% in the worst cases. Irradiation and measurement time durations were cautiously scheduled in order to have quite acceptable statistical uncertainties on the measurements (< 1%). Details about the experimental set-up of the IRSN passive BSS and the procedures used for data acquisition and unfolding are fully explained in Amgarou et al. [9] . After irradiation, the activated gold foils were measured with a portable NaI detector and the obtained specific saturation activities were unfolded by means of a two-step method that combines both NUBAY [20] and MAXED [21] codes. Unlike NUBAY, which is based on Bayes' probability theory and assumes a parameterized neutron spectrum with three (thermal, intermediate and fast) components, MAXED provides a "free-form" solution by applying the maximum entropy principle but it may depend, to some extent, on the initial default spectrum (DS) used. Reginatto and Zimbal [22] have demonstrated that the combination of these unfolding codes usually presents a strong consistency. In this work, two different default spectra were chosen as prior information for MAXED:
• A flat (constant) neutron fluence energy distribution in lethargy representation. Although this is not the most favorable for MAXED and physically unacceptable, since it contains a minimum of a priori information, it is a useful step that permits, in a first stage of exploratory, a qualitative evaluation of the measured neutron spectrum.
• The solution spectrum derived from NUBAY. This choice is expected to provide MAXED with the maximum amount of a priori information available leading, therefore, to the determination of a reliable solution spectrum.
The neutron spectra resulting from the two-step unfolding method are shown in figure 9 . The final integral quantities in terms of neutron fluence, Φ (cm −2 s −1 ), and ambient dose equivalent, H*(10) (µSv h −1 ), rates [23] as well as the associated fluence-averaged,Ē Φ (MeV), and dose equivalent-averaged,Ē H * (10) (MeV), energies are summarized in table 1. The consistency of the results obtained was verified (see figure 10) in each step by comparing the measured specific saturation activities of the spheres used with those calculated by folding the output neutron spectra with their response functions.
There is an excellent agreement between the results obtained with the two-step method (i.e., MAXED using the NUBAY output solution as a default spectrum) and those considered as reference data [19] for this well-known neutron field. Small discrepancies were observed in terms of Figure 9 . Comparison of the neutron spectra resulting from the two-step unfolding method (see detail in the text) and the reference one. integral quantities (below 1.6% for the fluence rate and below 1.8% for the ambient dose equivalent rate). Even when using a flat DS, the output neutron spectrum is very consistent with the passive BSS measurements. This puts into evidence the well-adapted resolution of our passive BSS in this energy range. In all cases, the ratios between the measured specific saturation activities of the spheres used and those calculated by folding the output neutron spectra with the response matrix are on averaged well-distributed to within 3% around unity.
Conclusions
The general purpose radiation transport MCNPX code (version 2.5.0) was applied to carry out the response matrix calculations of the passive BSS for an extended neutron incidence energy range (from 10 −3 eV to 1 GeV). The results of a sensitivity analysis of the main parameters affecting the Figure 10 . Comparison the gold foil specific saturation activities obtained from the passive BSS measurements with those resulting from the two-step unfolding method. The dash horizontal curves represent a deviation of ± 3% from unity (dot horizontal curves).
response of each detector-sphere assembly indicate that there is not an appreciable influence with the exception of the gold foils' thicknesses that must be controlled individually to better ascertain the measured neutron spectrum. A great divergence was observed for the bare gold foil response function when considering normal, parallel and isotropic neutron incidence directions. This divergence could be explained by the perturbation of the incident neutron field due to the foil edge effects as well as the flux depression and self-shielding mechanisms, which are very important at a parallel neutron incidence direction. From an experimental validation with a 252 Cf standard radioactive source, a very good agreement was observed between the results obtained with passive BSS using the two-step unfolding method and those considered as reference data for this wellknown neutron field.
